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Abstract 
Most countries of the world have put forward the goal of striving for carbon 
neutrality. The goal is hard to achieve by only relying on supply side solutions for the 
world. Most countries should pay more attention to the potential of energy 
conservation and emission reduction in the field of final demand. We construct an 
empirical analytic framework to investigate energy demand characteristics as 
economic growth from the perspective of final demand, and the results show a U- 
shaped curve relationship between the ratio of energy embodied in consumption to 
energy embodied in investment (REECEEI) and real gross domestic product per 
capita. The REECEEIs of major developing and developed countries are very 
different. Compare to the average baseline curve scenario, there is a notable 
conservation potential of energy embodied in final demand for major developing and 
developed countries. In climate negotiation, the demand for energy embodied in 
investment of developing countries should be guaranteed because it is the foundation 
of their economic development. To conserve energy and reduce emissions in the field 
of final demand, developing countries should focus on the field of energy embodied in 


investment, while developed countries should focus on the field of energy embodied 
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in consumption. 
JEL classification: B22, C33, E11, Q43 
Keywords: Energy; Economic growth; Climate change; Carbon neutrality 
1. Introduction 

The Paris Agreement brings all nations into a common cause to combat climate 
change. It mentions explicitly that best efforts should be made to limit the global 
temperature rise to 1.5 °C, with net zero greenhouse gas emissions in the second half 
of this century. Most countries of the world have put forward the goal of striving for 
carbon neutrality, and pledge to achieve carbon neutrality by 2050, 2060 or even 
earlier. To achieve the goal of carbon neutrality is an arduous task. Because the fossil 
fuel still plays a dominant role in the world energy mix. The Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change implies that even aggressive 
transformation of the supply side of the energy system could be insufficient to combat 
climate change. We should pay more attention to the potential of energy conservation 
and emission reduction from demand side or final demand, which will play an 
important role as a complement to low carbon activities on the supply side. 

Consumption and investment constitute the principal part of final demand. 
Obviously, they are different types of final demand, and their functions and features 
are very different. The policies and measures to conserve energy and reduce emissions 
in the field of consumption are different with that of investment. If there are large 
structural differences of countries at different development stages in the field of 
energy embodied in final demand (consumption and investment), the key fields and 
the major policies and measures of energy conservation and emission reduction for 


them will be different. 


The objective of this research is to investigate the structure characteristics of energy 
embodied in final demand (consumption and investment) of countries at different 
development stages and to reveal the evolution of the structure as economic growth. 
Comparative analysis of the structure differences of energy embodied in final demand 
of countries at different developing stages will help to identify the causes of 
differences and the key fields of energy conservation and emission reduction. Due to 
the different development stages, the policy opportunities are probably different. So 
each country can focus on its key fields and adopt suitable policies and measures. 
These also provide basic knowledge for energy conservation and emission reduction 
in the field of final demand as well as for climate negotiations. The energy embodied 
in final demand is consumption-based accounting. 

The rest of this paper is organised as follows. Section 2 is the literature review. 
Section 3 presents the research method and data sources. Section 4 undertakes 
empirical analyses. Section 5 concludes and offers some policy implications. 

2. Literature Review 

First, we should correctly understand the importance of energy for economic 
growth. In production, the energy factor is as fundamental as capital and labour 
(Kiimmel et al., 1985), and it is an essential resource for which there is no substitute 
(Ayres, 2008). Energy conversion in the machines has been the basis of industrial 
growth (Kümmel et al., 2010). Kümmel (2011) saw the energy service as energy 
slaves and revealed that the number of energy slaves at the service of a person has 
increased in time from | energy slave 100,000 years ago, to roughly 10 in medieval 
Western Europe, to between 40 and 100 in modern Europe and North America. The 
greater the number of energy slaves per capita, the more developed the economy is 


and the richer the people are. There is a strong relationship between energy use and 


living standards (Arto et al., 2016; Lambert et al., 2014). Energy is a motive power of 
modern industrial economies, and restrictions on its use will restrict economic growth 
(Kiimmel et al., 2010). We believe that value creation is a process of changing the 
position, shape, nature and combination of production objects to satisfy the needs of 
the development of human society. In this process energy driving machine work 
creates value as human labor does. 

A great deal of literature has investigated the energy or greenhouse gas emissions 
embodied in final demand, which can be classified into two groups: One group’s 
focus is on a single country or region (Lam et al., 2019; Sun et al., 2018; Cui et al., 
2015; Chen and Zhang, 2010; Chung et al., 2009; Liu et al., 2009; Liang et al., 2007; 
Munksgaard and Pedersen, 2001). The other group’s focus is worldwide (Jiang et al., 
2020; Chen et al., 2018; Wu and Chen, 2017; Chen and Chen, 2013). These studies 
reveal the energy or greenhouse gas emissions embodied in final demand during a 
specific period. The structural evolution of energy embodied in final demand as 
economic growth has not been investigated. 

Chen and Chen (2011) found that the regional distribution of energy embodied in 
consumption per capita is far from equal, and several regions in Asia (China, Japan, 
Korea, Vietnam, etc.) have notably higher fractions of energy embodied in 
investment. Their study revealed that the differences exist in energy embodied in final 
demand among different countries. 

We want to investigate the evolution of the ratio of energy embodied in 
consumption to energy embodied in investment (hereafter referred to as REECEE]) in 
the process of economic growth. Consumption and investment constitute a principal 


part of gross domestic product (GDP). Based on the literature on the history of 


economic development, we can find the evolution path of the ratio of consumption to 
investment, which is the basis for investigating the evolution of the REECEEI. 

Hoffmann (1969) found that in the early stage of industrialisation, the ratio of the 
net output value of the consumer goods sector to that of the capital goods sector 
decreased gradually. Rostow (1959, 1990) studied the history of the modern economy 
and divided economic development into several stages. In the early stages of 
development, more investment is needed to deploy new technology, and after the 
mature stage, consumption plays a leading role in total demand. Kuznets (1966) 
indicated that the proportion of gross capital formation in GDP increases from 10% to 
20% in the process of modern economic growth. The relationship between capital 
formation and consumption presents a remarkable trend. Chenery and Syrquin (1975) 
found that the investment rate and consumption rate are related to the stage of 
development of the country. In the whole process of industrialisation, the 
consumption rate shows a U-shaped curve relationship with economic growth, 
whereas for the investment rate, the opposite is true. Chenery et al. (1986) found that 
some semi-industrialised economies share some common characteristics: with 
economic development, the share of expenditure on food in the income decreased 
significantly; the demand for raw materials, machinery, equipment and social 
infrastructure increased; and the share of the investment in GDP increased gradually. 
Galor and Moav (2004) pointed out that in the early stage of the Industrial 
Revolution, the accumulation of material capital was the main source of growth; after 
the demographic transformation, however, the accumulation of human capital became 
the engine of economic growth. 

The preceding research revealed that there was a long-term agrarian period prior to 


the Industrial Revolution. The main component of social wealth at that time was 


agricultural products, which are limited by time and land, and no revolutionary 
change occurred in the production methods. During this period, people’s living 
standards changed little, and there were few differences between countries. The 
proportion of final products used for consumption and investment remained relatively 
unchanged. Since the Industrial Revolution, with the development of urbanisation, the 
share of final products used for investment has been increasing. The investment 
demand is used not only to meet the needs of the application of new technology for 
machinery and equipment but also to build related infrastructure, such as roads, 
railways, ports and industrial parks. With the establishment and perfection of the 
market transaction system, high transaction efficiency may bring out some new layers 
and producer goods in the hierarchy of goods (Borland and Yang, 1995; Shi and Yang, 
1995). The emergence of these new layers and new producer goods implies the advent 
of new technology and new industries associated with the industrialisation process. 
The dynamic equilibrium between economies of specialisation and transaction costs 
limits the development of division of labour and industrialisation. With the 
improvement of infrastructure and the completion of industrialisation and 
urbanisation, the economy enters the stage of maturity. After this stage, the demand 
for investment declines, and the share of investment gradually decreases. 

Based on the previously discussed literature and analysis, we find that the ratio of 
consumption to investment changes in a U-shaped curve relationship with economic 
growth (industrialisation and urbanisation process). As for a specific country in a 
certain year, the energy embodied in consumption is proportional to consumption, as 
it is for energy embodied in investment. We can reasonably assume that the REECEEI 


also shows a U-shaped curve relationship with economic growth. 


3. Research method and data sources 


3.1. Computing method of REECEEI 

Environmentally extended input-output analysis is a useful top-down technique to 
attribute pollution or resource use to final demand (Leontief, 1970; Miller and Blair, 
2009). Both the single-region input-output (SRIO) model and the multi-region input- 
output (MRIO) model are employed by researchers (Su and Ang, 2013; Wiedmann, 
2009; Wiedmann et al., 2007) to investigate the energy or greenhouse gas emissions 
embodied in international trade flows. Most single-country studies use the SRIO 
model for its lower data requirement. Two different approaches that treat imports can 
be found in the literature (Su and Ang, 2013). One is based on the non-competitive 
imports assumption, which treats imported products as different from domestic 
products and uses the origin of the imports to calculate the corresponding emissions 
embodied in these imports. The other is based on the competitive imports assumption, 
which treats the imported products the same as those produced domestically. 

This research employs the competitive imports assumption for two reasons: (1) this 
assumption can better reflect the embodied energy demand of the sample countries 
based on their own level of production technology, and (2) when investigating the 
evolutionary path, we can avoid considering the influence of international trade. In 
addition, on the evolutionary path, the technological progress of each country follows 
an objective law (Arrow, 1962). Technological progress may be considered as energy 
embodied and can be caught by the energy variable (Kümmel et al., 1985). 

The calculation process is 

(1) 
where is the column vector of the total output of each sector of country i in year t, is 
the matrix of the direct requirement coefficient of country i in year t; and is the 


column vector of the final demand of each sector of country i in year t. includes four 


parts: is the column vector of the final consumption expenditure of each sector of 
country 7 in year f, is the column vector of the gross capital formation of each sector 
of country i in year t, is the column vector of the exports of each sector of country i in 
year t and is the column vector of the imports of each sector of country i in year t: 

(2) 
Equation (1) can thus be rewritten as 

(3) 

where is the identity matrix, and ~ is the Leontief inverse matrix. 

Under the assumption that the imported goods and services are produced under the 
same technical conditions as domestic ones, the energy embodied in final 
consumption of country i in year t () and the energy embodied in gross capital 
formation of country i in year ¢ () can be obtained as 

(4) 
(5) 
where row vector is the energy consumption coefficient of each sector of country i in 
year t, whose elements equal the physical units of the total final energy use of each 
sector divided by the total output of each sector. 

EEC measures the energy embodied in final consumption, and we believe it is 
concerned with the right to pursue a happy life. The higher the consumption level, the 
more embodied energy is used in consumption. Generally, most consumer goods are 
consumed in the year they are produced. The energy embodied in them is used up at 
the same time. 

EEI measures the energy embodied in investment, and we believe it is concerned 
with the right to pursue economic development. Investment includes land 


improvements (fences, ditches, drains, etc.); plant, machinery and equipment 


purchases; and the construction of roads, railways and the like, including schools, 
offices, hospitals, private residential dwellings, commercial and industrial buildings 
and so on. Obviously, investment is the basis for economic growth and social 
development. The capital goods can work during its lifespan, as can the energy 
embodied in the capital goods. 

The REECEEI can be obtained as follows: 

(6) 
3.2. Evolution equation of REECEEI 

Assuming the U-shaped curve hypothesis proposed in section 2 is true, reflecting 
the level of economic development with real GDP per capita, then the relationship 
between REECEEI and real GDP per capita is a quadratic curve. We employed panel 
data of countries at different development levels to investigate the evolution path of 
REECEEI. Panel data have a greater capacity for modelling the complexity of human 
behaviour than time-series data or a single cross-section (Hsiao, 1985). 

Marx’s reproduction theory implies that an important control variable, the growth 
rate of the sum of consumption and investment, needs to be introduced into the 
evolution equation of REECEEI. His theory constructs a two-department 
macroeconomic model without international trade and reveals the relationship 
between consumption and investment (Marx, 1867, vol. 1, chap. 23 and 24; Marx, 
1884, vol. 2, chap. 20 and 21). Department 1 produces the means of production 
(capital goods), and department 2 produces the articles of consumption (consumer 
goods). The two departments are intertwined in the reproduction process. The core of 
Marx’s scheme involves two aspects: the proportion between constant capital and 
variable capital (i.e., the composition of capital) and the exchange between the two 


departments. Both departments need to develop in an equilibrium; otherwise, 


economic crises ensue. Reuten (1998) concluded that, in the adaptation process of 
expanded reproduction, department 1 dictates the course, meaning that department 2 
cannot expand unless department 1 does. This means that investment is the basic 
driving force and the necessary premise of economic growth. 

Cassar (2007) indicated that in the presence of capital market imperfections and a 
fixed cost for the production of human capital (or a final article of manufactured 
goods), the initial distribution of wealth significantly affects economic activity in both 
the short and long runs. In addition, due to the individual characteristics of the 
country, such as the differences resource endowment and economic policy, the 
individual fixed effects probably exist when employing a panel data model. 

Based on the preceding analysis, an individual fixed-effects model is established, as 
shown in Eqs. (7) and (8): 

(7) 
(8) 
In these equations, where the subscript it represents the data of country i in year t (for 
i= 1~25,t=1~ 15), and is the intercept, , and are the unknown coefficients. 
Supporting the U-shaped curve hypothesis requires that and , generating a U-shaped 
relationship between REECEEI and real GDP per capita. is speculated to be less than 
0, according to Marx’s reproduction scheme. is the dependent variable and the 
REECEEI of country i in year t. is the explanatory variable and the real GDP per 
capita of country i in year t. is the control variable and the growth rate of the sum of 
consumption and investment of country i in year t. is the real GDP of country i in 
year ¢, is the consumption rate of country i in year t, is the investment rate of country 
i in year t, is the consumption rate of country i in year f-1 and is the investment rate 


of country i in year f-1. is the individual fixed effect of country i. is the random error 


10 


term of country i in year t; it can be assumed to be independent and identically 
distributed with N(0, ) for all country i and year t. 
3.3. Data sources 

The national input-output tables come from the latest data of the World Input- 
Output Database (November 2016 Release),' which comprises a series of databases 
that cover 28 EU countries and 15 other major countries in the world from 2000 to 
2014. The data for 56 sectors are classified according to the International Standard 
Industrial Classification Revision 4 (ISIC Rev. 4). 

In this research we focus on consumption and investment, and don’t consider the 
effect of net export. While the economy of large countries (GDP, population, area) is 
more stable, and trade shocks have little impact (Chenery and Taylor, 1968; Peters 
and Hertwich, 2008). Therefore, we selected 25 countries with large GDP and 
population (more than 10 million people) from the database. The sample includes 
countries at different development stages and the major developing and developed 
countries. Their share of total world energy consumption is about 60%, and their share 
of world GDP is about 80%. The sample is representative enough, which contains 375 
sample points. 

The total final energy consumption of each sector comes from World Energy 
Statistics and Balances published by the International Energy Agency,” which contains 
detailed data on the energy supply and consumption of coal, oil, gas, electricity, heat, 
waste and combustible renewables, expressed in a thousand tonnes of oil equivalent 


from 1960. 


1 The data can be downloaded from http://www. wiod.org/database/niots 1 6/. 
2 The data can be acquired from http://wds.iea.org/WDS/Common/Login/login.aspx. 
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The sector division of energy balance and input-output tables are adjusted to match 
each other according to ISIC Rev. 4. There were 16 sectors after adjustment (as shown 
in appendix Table A1). 

The real GDP, real GDP per capita (measured by purchasing power parity, constant 
2011 international dollar in this paper), consumption rate and investment rate all come 
from the World Development Indicators of the World Bank,’ which is a compilation of 
relevant, high-quality and internationally comparable statistics about global 
development and the fight against poverty. The database contains 1,600 time-series 
indicators for 217 economies and more than 40 country groups, with data for many 


indicators going back more than 50 years. 


4. Empirical results 
4.1. Descriptive statistics of the variables 

The 25 country sample covers a REECEEI of 0.5382 to 6.5378 and real GDP per 
capita of $2,495 to $51,932, indicating that the sample includes countries at different 
development stages, which provides a data basis for the application of the panel data 
model to study common development law. Descriptive statistics of relevant variables 
are shown in Table 1. The REECEEIs of the sample countries are shown in appendix 


table A2. 


Table 1 


Descriptive statistics of the variables 


Variable Min. Max. Mean Median S.D. 
REECEEI 0.5382 6.5387 3.2325 3.2149 1.1252 
G 0.2495 5.1932 2.7255 2.8014 1.2539 
CG’ 0.0623 26.9689 8.9963 7.8477 6.6951 
R -14.3608 15.1545 2.8137 2.8348 4.1695 


Due to the slow growth of real GDP per capita, multicollinearity exists between G 


and G’ to some extent. It can be expected that the multicollinearity is stable. From 


3 The data can be downloaded from http://datatopics.worldbank.org/world-development-indicators/. 
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Table 5 in Section 4.5, we can conclude that the multicollinearity has no serious 
impact on parameter estimation. 
4.2. Stationary test of the variables 

For panel data, the most-used unit root test methods are Levin, Lin and Chu’s 
(2002) test and Im, Pesaran and Shin’s (2003) test. The Levin-Lin-Chu test assumes 
that the variables contain a common panel unit root so that the autoregressive 
coefficient is identical across the cross sections. The Im-Pesaran-Shin test relaxes the 
assumption of the identical first-order autoregressive coefficients of the Levin-Lin- 
Chu test and allows varying across sections under the alternative hypothesis. The 
panel unit root tests of the variables in Eq. (7) are shown in Table 2. 

The variables REECEEI and R are stationary. G and G? are nonstationary, but their 
first order differences are stationary. The prerequisite of the cointegration test is not 
satisfied. However, the regression relationship studied in this paper has a solid 
theoretical and empirical basis, and its reliability can be verified by the stationary of 


residuals. 


Table 2 


Panel unit root tests of Variables 


Variable Levin, Lin & Chu t* Im, Pesaran and Shin W-stat 
Intercept Intercept and trend Intercept Intercept and trend 

REECEEI — -3.3677(0.0004) -4.3734(0.0000) -1.9200(0.0274) -1.6281(0.0518) 
G -0.1164(0.4537) -4.3848(0.0000) 2.0546(0.9800) 0.0419(0.5167) 

VG -7.2713(0.0000) -7.3601 (0.0000) -4.6019(0.0000)  -2.1820(0.0146) 

G 1.6801(0.9535) -2.2544(0.0121) 3.1802(0.9993) 0.7189(0.7639) 
VG? -5.1511(0.0000) -8.7180(0.0000) -4.1625(0.0000) — -3.2237(0.0006) 

R -7.3152(0.0000) -7.6478(0.0000) -5.0015(0.0000) -3.0349(0.0012) 


Note: the value in parenthesis is the P-value. 


4.3. Heteroscedasticity test 
Whether heteroscedasticity exists or not influences the estimation of Eq. (7). The 
panel heteroscedasticity likelihood-ratio test of Eq. (7) is shown in Table 3. The null 


hypothesis is that the residuals are homoscedastic. 
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Cross-section test 


Period test 


Value P-value Value P-value 
likelihood ratio 203.1609 0.0000 5.8382 0.9999 
Restricted logL -508.4545 -508.4545 
Unrestricted logL -406.8741 -505.5354 
Table 3 


Panel heteroscedasticity likelihood-ratio test 


The results imply that the model is heteroscedastic, which also means that cross- 


section weighting should be considered when estimating Eq. (7). 


4.4. Redundant fixed-effects test 

The redundant fixed-effects test of Eq. (7) (exclude ) invalidates the null hypothesis. 
The null hypothesis that the fixed effects are redundant can be rejected for a 
significance level of 0.0000 (four decimals) (see Table 4). This implies that there are 


individual fixed effects. 


Table 4 
Effects Test Statistic d.f. P-value 
Cross-section F 133.7916 (24,347) 0.0000 


Redundant fixed-effects test 


4.5. Equation estimation 
The parameter estimation results of Eq. (7) are shown in Table 5, and the related 


parameter estimates are substituted into Eq. (7) to get Eq. (9). 


(9) 
Coefficient Estimated Value Std. Error t-Statistic P-value 
5.824 0.2507 23.2319 0.0000 
-1.479 0.1701 -8.6972 0.0000 
0.184 0.0293 6.2876 0.0000 
-0.076 0.0053 -14.3700 0.0000 


Table 5 
Parameter statistical properties of equation 7 


For Eq. (9), the R? is 0.9467, and the adjusted R? is 0.9426. The F-statistic is 


228.2953, and the p value for the F-statistic is 0.0000 (four decimals). The results 


imply that 94.26% of the variation of REECEEI can be explained by real GDP per 
capita and the growth rate R. The relationship described by Eq. (9) is significant. 


The individual fixed effects are shown in Table 6. 


Table 6 
Individual fixed effects 
NO Coustesuane Individual fixed NO Commie Individual fixed 
i effects ‘ effects 
1 India -3.408 14 Brazil 0.306 
2 China -3.003 15 Belgium 0.368 
3 Indonesia -2.028 16 Portugal 0.620 
4 Korea Rep -0.961 17 Greece 0.660 
5 Russian Federation -0.675 18 Netherlands 0.752 
6 Czech Republic -0.604 19 Poland 0.800 
7 Turkey -0.421 20 Germany 0.876 
g Australia -0.332 21 United States 0.995 
9 Mexico -0.219 22 Italy 1.009 
10 Hungary -0.135 23 Canada 1.028 
11 Romania 0.015 24 France 1.112 
12 Spain 0.120 25 United Kingdom 2.970 
13 Japan 0.157 
4.6. Stationary test of the residuals 
Table 7 
Panel unit root tests of residuals 
Variable Levin, Lin & Chu t* Im, Pesaran and Shin W-stat 
Intercept Intercept and trend Intercept Intercept and trend 
4 -2.8842(0.0020)  -5.6312(0.0000) -2.1392(0.0162)  -1.9362(0.0264) 


Note: the value in parenthesis is the P-value. 


From Table 7, we can conclude that the residuals are stationary and, therefore, that 


the relationship described by Eq. (9) is reliable. 


To investigate the relationship between REECEEI and real GDP per capita, we 
assume that the control variable equals the average economic growth rate of the 


world from 2000 to 2014, which is 2.92%. Then, we get Eq. (10) as follows: 


(10) 

Equation 10 verifies the U-shaped curve assumption proposed in section 2, and the 
REECEEI shows a U-shaped curve relationship with GDP per capita; however, each 
country has its own characteristics reflected by . We have drawn the U-shaped curve 
when , as shown in Figure 1, which is defined as the average baseline curve. When 
Zhang et al. (2013) investigated the evolution of CO. embodied in consumption and 
in investment in the process of industrialisation, they arrived at a similar conclusion. 
The stagnation point of the U-shaped curve in Figure 1 is $40,190. The minimum 


value of the curve in Figure 1 is 2.630. 


Fig. 1. REECEEI and real GDP per capita 


From Eq. (9), we find that is less than zero, which shows a negative correlation 
between REECEEI and economic growth rate and means that when consumption 
crowds out investment, this will lead to a lower economic growth rate, ceteris paribus. 
This is consistent with expectations and supports the conclusions of Marx’s 
reproduction scheme that department 1 dictates the adaptation process of expanded 
reproduction. 

Table 6 shows that the individual fixed effects of 10 countries are less than 0, which 
indicates that their own curves are under the average baseline curve, as shown in 
Figure 1. These countries consume more energy embodied in investment compared to 
the average baseline curve scenario. Most of them are developing countries, for 


example, India, China, Indonesia, the Russian Federation, Turkey and Mexico. The 


16 


individual fixed effects of the other 15 countries are greater than 0, which indicates 
that their own curves are above the average baseline curve, as shown in Figure 1. 
These countries consume more energy embodied in consumption compared to the 
average baseline curve scenario. Most of them are developed countries, for example, 
the United Kingdom, France, Canada, Italy, the United States and Germany. 

4.7. Discussion 

The U-shaped curve relationship between REECEEI and real GDP per capita 
reflects the statistical evolutionary laws of the sample countries, as shown in figure 1. 
This result indicates that the proportion of energy embodied in investment of 
developing countries will increase in the near future, while the proportion of energy 
embodied in consumption of developed countries will increase in the future. The 
negative correlation between REECEEI and economic growth rate indicates that the 
energy embodied in investment is the foundation of the economic growth and social 
development, especially for developing countries. 

Each country has its own characteristic reflected by the individual fixed effect, as 
shown in table 6. This indicates that there are significant differences in the structure of 
energy embodied in final demand among countries at different stages of development. 
The individual fixed effects of India, China and Indonesia are -3.408, -3.003 and 
-2.028, respectively. India, China and Indonesia are the major developing countries in 
the world. As shown in appendix table A2, the average REECEEIs of India, China and 
Indonesia are 1.333, 1.107 and 2.344, respectively. Compare to the average baseline 
curve scenario, their proportions of energy embodied in investment are much greater. 
If the energy embodied in investment of India and China decreases by 50%, their 
average REECEEIs will be 2.666 and 2.214, respectively, which are around the 


minimum value of the average baseline curve. If the energy embodied in investment 


of Indonesia decreases by 10%, its average REECEEI will be 2.604, which is around 
the minimum value of the average baseline curve. The individual fixed effects of the 
United Kingdom, France, Canada, Italy, the United States and Germany are 2.970, 
1.112, 1.028, 1.009, 0.995 and 0.876, respectively. They are the major developed 
countries in the world and the members of Group of Seven. As shown in appendix 
table A2, the average REECEEIs of the United Kingdom, France, Canada, Italy, the 
United States and Germany are 5.705, 3.864, 3.693, 3.875, 3.845 and 3.677, 
respectively. Compare to the average baseline curve, their proportions of energy 
embodied in consumption are much greater. If they cut their energy use embodied in 
consumption by 20% (40% for the United Kingdom), their REECEEIs will be 3.423, 
3.091, 2.954, 3.100, 3.076 and 2.9416, respectively, which are around the average 
baseline curve. 

The results imply that to conserve energy and reduce emission in the field of final 
demand, the solution space differs among countries with respect to their development 
stage. 

For developing countries whose consumption level is low, especially for India, 
China and Indonesia, energy embodied in investment is the key field of energy 
conservation and emission reduction from the perspective of final demand. The 
energy embodied in buildings and machinery is the principal part of energy embodied 
in investment. Their energy embodied in investment is mainly used for 
industrialization and urbanization. Building low carbon cities could greatly reduce 
future urban energy use (Creutzig et al., 2015). Urban design is of utmost importance 
in shaping forms of transport, mode choice, and building size and use. Good urban 
design can reduce paved areas for parking, make use of shared walls to reduce 


embodied energy, and promote smaller residential units. The total demand of energy 
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embodied in investment can be conserved by extending the lifespan of buildings. For 
example, the average lifespan of residential buildings in China is 25-35 years which is 
much shorter than that of western developed countries (Wang et al., 2018). The 
average lifespan of residential buildings of most western developed countries are 
more than 70 years. If the average buildings’ lifespan in China can be extended to 50 
years, in 2011, China can reduce 127.1 million tons of coal equivalent of energy 
consumption, and 426.0 million tons of carbon emissions (Cai et al., 2015). The 
transformation of the existing housing stock is a much more environmentally efficient 
way to achieve the same result than demolition and rebuilding (Itard and Klunder, 
2007). China is ongoing a large-scale urban housing demolition and re-construction 
(Li et al., 2019; Li and Xiao, 2020) which wastes a lot of energy embodied in the 
demolished housings. This should be avoided in India and Indonesia to conserve 
energy embodied in investment. It is worth noting that the average lifespan of a 
residential building in Japan is only 25 years (Wuyts et al., 2019). It may be the main 
reason why the REECEEIs of Japan are smaller than other members of 
Group of Seven. 

For developed countries, their energy embodied in consumption is generally more 
than 3.5 times of their energy embodied in investment. The conservation potential of 
energy embodied in consumption is great due to their high levels of consumption. 
Energy embodied in consumption is the key field of energy conservation and emission 
reduction for developed countries. Susuki (1993) found that the 1.1 billion inhabitants 
of industrialized countries cause ecological effects equivalent to what would be 
produced by 17 to 70 billion inhabitants of developing countries, and much of the 
consumption results from inefficiency and waste. There is a large near-term potential 


for emissions reductions from behavioural changes involving the adoption and altered 
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use of available in-home and personal transportation technologies, without waiting for 
new technologies or regulations or changing household lifestyle (Gardner and Stern, 
2008; Vandenbergh et al., 2008). At least 30% of food is wasted in the United States, 
accounting for an estimated 20% of the environmental impact of the food system 
(Read and Muth, 2021). Preventing food waste in the factory in the United Kingdom 
could contribute significantly to energy efficiency and climate change targets of the 
food processing and manufacturing industry with no extra effort (Sheppard and 
Rahimifard, 2019). It is worth noting that serious food waste also exists in developing 
countries (United Nations Environment Programme, 2021). 

These results and analyses provide basic knowledge for energy conservation and 


emission reduction as well as for climate negotiations. 


5. Conclusions and policy implications 

There is a U-shaped curve relationship between the ratio of energy embodied in 
consumption to energy embodied in investment (REECEE]) and real GDP per capita, 
which reveals the structural evolution of energy embodied in final demand as 
economic growth. The individual fixed effects of most developing countries are less 
than 0, and that of India, China and Indonesia are -3.408, -3.003 and -2.028, 
respectively. The individual fixed effects of most developed countries are greater than 
0, and that of the United Kingdom, France, Canada, Italy, the United States and 
Germany are 2.970, 1.112, 1.028, 1.009, 0.995 and 0.876, respectively. 
5.1. Conclusions 

According to the U-shaped curve relationship, we can conclude that the proportion 
of energy embodied in investment of the developing countries will increase in the 
near future, while the proportion of energy embodied in consumption of the 


developed countries will increase in the future. 


20 


According to the individual fixed effects and the average REECEEIs of the major 
developing and developed countries, we can conclude that there are significant 
differences in the structure of energy embodied in final demand among these 
countries. The proportions of energy embodied in investment of the major developing 
countries (India, China and Indonesia) are much bigger than that of the major 
developed countries (the United Kingdom, France, Canada, Italy, the United States 
and Germany). For the proportion of energy embodied in consumption, the opposite is 
true. 

Compare to the average baseline curve scenario, there is a notable energy 
conservation potential in the field of energy embodied in investment for India, China 
and Indonesia, and there is a notable energy conservation potential in the field of 
energy embodied in consumption for the United Kingdom, France, Canada, Italy, the 
United States and Germany. 

5.2. Policy implications 

In climate negotiation, the demand for energy embodied in investment of the 
developing countries should be guaranteed. Because it is the foundation for them to 
achieve the target of economic growth and poverty eradication. 

For developing countries, the energy embodied in investment is their key field of 
energy conservation and emission reduction from the perspective of final demand. 
There is a timely opportunity to take a low carbon development path by shaping 
spaces and preferences, especially for India, China and Indonesia. The developing 
countries are in the process of industrialisation and urbanisation. They should do a 
good job in urban development planning to avoid a large-scale urban housing 
demolition and re-construction in a short time. The large-scale urban housing 


demolition will waste a lot of energy embodied in investment. A good urban spatial 
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layout will also help to decrease the future demand for energy embodied in 
consumption, for example the demand for energy embodied in transportation services. 
Although the consumption level of developing countries is far lower than that of 
developed countries, they should also develop low-carbon consumption habits as soon 
as possible. 

For developed countries, the energy embodied in consumption is their key field of 
energy conservation and emission reduction from the perspective of final demand. 
They already have most of their infrastructures and residential buildings built and will 
require a retrofit of existing spaces and habits, indicating the importance of the change 
of lifestyle and consumption patterns. They should pay more efforts to change their 
lifestyle and consumption patterns into a low carbon one, especially for the United 
Kingdom, France, Canada, Italy, the United States and Germany. A minimalist 
lifestyle is probably a good choice for them. Minimalist living is to live with as less as 
possible, which will greatly reduce the demand for consumption and energy embodied 
in consumption. 

Managing the lifespan of residential buildings and setting a minimum lifespan for 
it, for example no less than 70 years, are suitable policies for the countries whose 
average lifespan of residential buildings is short, for example China and Japan. This 
will help to reduce the total demand for energy embodied in investment. 

All the countries should take policies and measures to encourage frugality and 
prevent extravagance and waste. For example, food waste is a common phenomenon 
in developing and developed countries. When food is wasted, the energy embodied in 
it is also wasted. So is for other consumer goods. All the countries should educate the 
people to know that avoiding extravagance and waste will contribute to conserve 


energy and reduce emissions. 
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Appendix Table A1 


The industrial classification 


NO. industrial name NO. industrial name 
1 Agriculture 9 Non-metallic minerals 
2 Mining and quarrying 10 Basic metals 
3 Food and tobacco 11 Machinery and equipment 
4 Textile and leather 12 Transport equipment 
5 Wood and wood products 13 Other industrial sectors 
6 Paper, pulp and printing 14 Construction 
7 Energy sector 15 Transport service 
8 Chemical and petrochemical 16 Commercial and public services 
Appendix Table A2 


The REECEEIs of the sample countries 


country 2000 2001 2002 2003 2004 2005 2006 2007 
Australia 2.535 2.392 2.393 2.243 2.220 2.272 2.312 2.188 
Belgium 2.789 2.946 3.396 3.372 3.018 2.918 2.860 2.905 
Brazil 4.176 4.319 5.082 4.711 4.656 5.517 4.480 3.848 
Canada 3.883 4.318 4.242 3.889 3.647 3.342 3.304 3.315 
China 1.187 1.959 1.814 1.556 1.370 1.347 1.245 1.223 
Czech Republic 2.018 1.964 2.140 2.380 2.389 2.393 2.226 2.004 
France 3.702 3.629 3.786 3.914 3.674 3.502 3.392 3.398 
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Germany 3.010 3.128 3.495 3.344 3.626 3.486 3.515 3.191 


Greece 2.779 2.561 2.717 2.626 2.722 3.156 2.892 2.540 
Hungary 2.664 2.908 2.897 3.091 2.806 3.066 2.969 3.084 
India 1.962 1.979 1.926 1.461 1.201 1.056 1.057 1.044 
Indonesia 2.685 2.546 2.790 2.035 2.566 2.683 2.300 2.432 
Italy 3.515 3.449 3.326 3.370 3.382 3.462 3.366 3.413 
Japan 2.517 2.595 2.841 2.785 2.841 2.901 2.895 2.766 
Korea 1.777 1.901 1.888 1.793 1.783 1.822 1.738 1.732 
Mexico 3.004 3.740 3.639 3.700 3.884 4.052 3.757 3.774 
Netherlands 3.038 2.504 5.467 5.102 3.236 2.748 2.908 2.434 
Poland 3.841 4.592 5.292 4.950 4.398 4.622 4.117 3.418 
Portugal 2.740 2.848 2.982 3.343 3.204 3.264 3.235 3.329 
Romania 5.682 4.197 4.093 4.128 3.588 5.192 3.161 3.495 
Russian 2.528 2.215 2.570 2.416 2.484 2.871 2.614 2.407 
Spain 3.004 2.860 2.837 2.597 2.538 2.441 2.447 2.387 
Turkey 3.295 4.314 3.231 3.167 2.833 2.665 2.464 2.636 


United Kingdom 5.373 5.363 5.604 5.605 6.083 5.980 5.938 5.623 
United States 3.339 3.648 3.694 3.784 3.623 3.472 3.475 3.562 


Appendix Table A2 (continued) 


The REECEEIs of the sample countries 


country 2008 2009 2010 2011 2012 2013 2014 average 
Australia 2.292 2.272 2.277 2.194 2.217 2.362 2.442 2.307 
Belgium 2.747 3.730 3.185 2.898 3.087 3.329 3.183 3.091 
Brazil 3.539 4.601 3.577 3.533 3.753 3.761 3.961 4.234 
Canada 3.325 4.097 3.539 3.676 3.524 3.613 3.678 3.693 
China 1.114 0.963 0.538 0.571 0.553 0.589 0.568 1.107 
Czech Republic 2.107 2.794 2.669 2.706 2.868 3.086 3.008 2.450 
France 3.549 4.666 4.308 3.945 4.126 4.144 4.230 3.864 
Germany 3.242 4.402 3.916 3.628 4.472 4.307 4.389 3.677 
Greece 3.043 5.197 4.704 5.081 5.705 6.202 5.321 3.816 
Hungary 2.976 4.206 3.755 3.622 3.819 3.407 3.044 3.221 
India 1.225 1.150 1.119 1.020 1.155 1.324 1.314 1.333 
Indonesia 1.978 2.063 2.726 2.062 2.051 2.204 2.039 2.344 
Italy 3.516 4.429 3.937 3.894 4.801 4.993 5.273 3.875 
Japan 2.797 3.408 3.268 3.330 3.209 3.268 3.033 2.964 
Korea 1.682 3.226 1.762 1.597 1.804 1.984 1.922 1.894 
Mexico 3.774 3.384 3.639 3.617 3.147 3.215 3.200 3.568 
Netherlands 3.382 5.636 3.357 3.217 3.390 3.671 3.574 3.578 
Poland 3.743 4.709 3.896 3.553 3.829 4.399 3.990 4.223 
Portugal 3.369 3.968 3.820 4.283 5.566 6.042 5.544 3.836 
Romania 3.163 3.385 3.548 2.885 3.013 2.856 2.875 3.684 
Russian 2.153 3.176 2.445 2.187 2.275 2.589 2.946 2.525 
Spain 2.603 3.303 3.198 3.427 3.705 3.838 3.663 2.990 
Turkey 2.478 3.925 2.690 2.196 3.045 2.839 3.042 2.988 


United Kingdom 5.986 6.539 5.474 5.694 5.584 5.498 5.238 5.705 
United States 3.884 4.928 4.295 4.325 3.962 3.897 3.790 3.845 
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